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The sensitivity of a noncontact and nondestructive laser/microwave (LM) DLTS
for defect characterization was confirmed with heat-treated Czochralski (CZ) silicon
crystals. The carrier trap levels (Er) in samples subjected to a three-step intrinsic
gettering (IG) thermal process were clearly obtained with the LM-DLTS even though
these samples showed no significant oxygen precipitation. The sensitivities of LM-
and conventional (C)-DLTS for defect diagnosis were compared each other, and the
LM-DLTS is concluded to be much more sensitive to bulk microdefects in silicon
crystals. The detection limits of LM- and C-DLTS in defect density are lower than
1x107cm-3 and around 1x1010cm-3, respectively.

Introduction

In the field of ULSI. Czochralski (CZ) silicon
wafers are the main substrates for device
production. Various defects and impurities can
be introduced into silicon substrates during
device fabrication processes. and these defects
greatly affect the device performance. Since
ULSI devices are greatly influenced by the
quality of substrate, high sensitive diagnostic
techniques are required to characterize these
defects. Moreover, from the material characte-
rization point of view, especially from the in-
line monitoring of view, noncontact and non-
destructive methods which require no specific
sample preparation are desired since those are
free from introducing additional defects and
impurities.

Recently, a noncontact and nondestructive
laser/microwave (LM)-DLTS technique 1.2) has
been applied to characterize crystal defects near
the wafer surface and/or in the substrate bulk
3.4), However, quantitative discussions for the
LM-DLTS in the sensitivity has not been
performed yet. In this study, carrier trap levels
(ET) due to bulk crystallographic defects in CZ
silicon wafers, which were subjected to a three-
step intrinsic gettering (IG) thermal process. are
studied by means of two different DLTS tech-
niques. i.e.. LM- and conventional (C)-DLTS.

Experimental

CZ silicon wafers used in this study are n(100)
150-mm-diam. (20"300hm-cm) with different ini-
tial oxygen ([Oily: 26"33ppma) and carbon ([Csly:
<0.02 or 0.2ppma) concentrations 3.6) as shown in
Table I. These crystals were grown under the
identical erowth conditions excent for [0Qil~and
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[Cslp control. Since defect generation during
subsequent thermal cycles is greatly affected by
the thermal environment in crystal growth as
well, the body length of all the ingots was
controlled to be 600mm to minimize the variation
in thermal history of crystals. Wafers were
prepared from a middle portion: i.e.. 200°300mm
from the seed end of the ingots. These samples
were subjected to a three-step IG heat treatment
(1st: 1100°C/4h., 2nd: 750°C/64h. and 3rd:
1000°C/16h) in a mixed gas (95% N2 + 5% 03z). but
were subjected to neither extrinsic gettering
treatment nor pre-annealing such as for donor
annihilation to avoid any other effects on defect
generation.

After each step, all the samples were
measured with LM-DLTS (507200°C) and C-DLTS (-
1807100°C) methods. The ET was measured with

LM-DLTS technique using LIFETECH-88@ (SEMI-
TEX Co., Ltd.) after each step. The measurement is
based on analyzing the decay of minority-
carriers generated by irradiation with a pulsed
laser beam (A=910nm). In general. the effective
recombination lifetime, <Teff. consists of the
surface (vg) and bulk (Ty) components; that is,
| /Teff =1/1T5+ 1 /7TH [11.

Therefore. Tefr was measured for wafers with
thermal oxide grown during each heat treatment
to minimize the ts. In the case of n-tvpe silicon,
the relation between the rate window (W =1/
T(Tm)) and an ET can be expressed as

In(WT) = (ET - Eg) / kT 21,



where Ec is the conduction band energy in
silicon. The ET was obtained from a slop of the
Arrhenius plot, In(WT) vs 1/Ty. No specific
sample preparation was performed for LM-DLTS
measurements.

For C-DLTS measurements, however, spe-
cimens were prepared in order to investigate the
bulk region as follows; (i) thermally-grown
oxide was removed with buffered HF solution, (ii)
about 50um surface layer was etched-off with HF
and HNO3 mixed solution to remove the denuded
zone (DZ) layer, and then (iii) evaporated Au for
Schottky contact (20nm) and Al for ohmic
contact (80nm).

For quantitative discussion, the bulk defect
densities (Dq) after the third step were measured
with light scattering tomography (LST) 7.8),

Results and Discussion

During the thermal process. oXxygen preci-
pitation occurs resulting in [0i] reduction due to
the formation of oxygen-related defects. The
oxygen reduction (A[Qil) in the samples after
each step are listed in Table I.

Table I  [Oily and AlOil (ppma) after each step
for samples used in this study.

“Sample as-grown 1st 2nd Ird
A* 27.4 0.3 0.3 1.5
B** 26.4 0.0 0.0 9.2
c* 29.7 0.1 0.3 1.3
D** 29.8 0.5 0.5 22.9
E* 32.3 0.0 0.0 0.4
F# 33.0 0.1 0.5 29.8

* [Csl<0.02ppma,

After the first and second steps, no significant
AlOil is observed in the samples. After the third
step, however, Cs-rich samples (B, D. and F) show
much greater A[Oil in contrast with Cs-lean
samples (A, C. and E). It has been well known
that carbon impurity enhances oxXygen
precipitation in silicon9.10), The greater AlOil
after the third step can be attributed to greater
[Csly. and this result suggests that oxygen-related
microdefects were generated in Cs-rich samples
during the second step even though these
samples showed no significant oxygen reduction,
In fact. these Cs-rich samples showed lower Tp
after the second step (207700us) comparing with
those in samples after the first step
(200073000us). The th redu-ction indicates the
generation of carrier trap centers in these
samples originated from bulk microdefects.

Table 1l summarizes the ET obtained with both
LM- and C-DLTS. and bulk defect density mea-
sured with LST after the third step. Many kind of
crystal defects were exist in these oXygen-
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precipitated samples: i.e.. oXygen precipitates.
dislocation loops., stacking faults, and point
defects associated with silicon self-interstitials
generated during the oxygen precipitation
process. Hwang and Schroder have reported 11)
that oxygen precipitates are mainly responsible
for the degradation of recombination lifetime,
and the carrier recombination at oxygen preci-
pitates takes place through the interface
between the precipitates and matrix silicon.
Since the LM-DLTS is analyzing the temperature
dependence of recombination lifetime, the
obtained trap levels in the present experiment
might be attributed to oxXygen precipitates
and/or oxygen-related microdefects.

Table 11 Activation energies (Ez) obtained with
C- and LM-DLTS after each step. and bulk defect
density (Dg) after the third step.

X'tal | 1st step | 2nd step | 3rd step Dg
(eV) (eV) (eV)
C IM|C IM| C ILM| (cm-3)
A |ND ND|ND ND|{ND 0.1| <1E07
B |[ND ND|{ND ND|ND 0.2|4.3E09
C |ND ND|ND ND|{ND 0.1|9.0E07
D |ND ND|ND 0.2/0.3 0.2]|1.7E10
E |ND ND|ND ND|ND 0.1|2.8E08
F ND ND|ND 0.2(0.3 0.2 2.1E10

The LM-DLTS signals were recognized for all the
samples after the third step: however, C-DLTS
gave rise to Er only for samples D and F which
were higher than 1010c¢m-3 after the third step
in Dg. The high sensitivity of LM-DLTS is
remarkably reco-gnized for samples D and F
after the second step. For example, the trap level
in sample F is clearly obtained with this
technique even though this sample showed no
significant oxygen preci-pitation as shown in
Fig. 1.
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Fig.1 A representative Arrhenius plot obtained
with LM-DLTS for wafer F after the second step.



The detection limits of LM- and C-DLTS in defect
density are lower than 1x107cm-3 and around
1x1010cm-3, as shown in Fig.2, respectively. In
the LM-DLTS technique, measured volume (V).
which gives DLTS signal, is limited by the carrier
diffusion length (L): that is, L=(Dv)!/2. where D
is diffusion coeffi-cient and T is carrier lifetime.
Therefore, the V[, is calculated as V|, = 4nL3 / 3.
On the other hand, the C-DLTS technique collects
signals from a volume (V¢), which is limited both
by an area of Schottky contact (5) and depth of
the depletion layer (d), therefore the Vg is given
by Vg =58d. In the present study, the § was
3.14x10-2cm-3 and d was “10pm. Taking into
account this difference in the measured volume,
minimum number of crystal defects which give
LM- and C-DLTS signals were estimated to be
“1x103 and “3x 105, respectively.

C-DLTS

E10 E11

Defect Density (cm )

Fig.2 Sensitivity of C- and LM-DLTS for defect
characterization.

The Er for samples D and F after the third
step. were obtained about 0.2eV with LM-DLTS,
and about 0.3eV with C-DLTS. Both in LM- and C-
DLTS, the time constant of transient signals is
proportional to expl(Ec-ET)/kT]. and usually the
Ec is treated to be constant value. However, the
temperature dependence of energy band gap (Eg)
should be considered to compare the obtained ET
values with LM- and C-DLTS, because of their
wide difference in the measuring temperature
range. The Eg at temperature T is given by 12)

Eg(T) = 1.17 - (4.73x10-9)T2 / (T+636) eV  [3].
therefore. the energy difference in the Eg is
calculated to be "0.1eV at 200 and 500K. This fact
indicates that the ET obtained with LM-DLTS is
shallower than that of obtained with C-DLTS,
even though the Er is originated from the same
source.

Conclusion
The sensitivity for the defect characterization
of a noncontact and nondestructive LM-DLTS
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technique was confirmed in this work. This
technique is much sensitive than C-DLTS to
crystal defects in silicon, and the ET can be
obtained with LM-DLTS even though the samples
show no significant oxygen precipitation.
Considering advanced ULSI device fabrication
processes which require extremely clean envi-
ronment and high quality silicon substrates, one
may expect that the LM-DLTS can be a powerful
in-line diagnostic tool because of its contact-
lessness, nondestructiveness, and high sen-
sitivity.

Acknowledgements

The authors would like to acknowledge Dr. A.
Buczkowski (NCSU) for his helpful discussion,
and Mr. K. Iba (SEMITEX Co., LTD.) for his help in
LM-DLTS measurements.

References

1) Y. Kirino, A. Buczkowski, Z. Radzimski, G. A.
Rozgonvi, and F. Shimura, Appl. Phys. Lett.
57 (1991) 2832.

A. BuczkowsKki, Z. Radzimski, Y. Kirino, F.
Shimura, and G. A. Rozgonyi, in "Defects in
Materials”, P. D. Bristowe, ]. E. Epperson, J. E.
Griffith, and Z. Liliental-Weber, Editors,
p.567. Materials Research Society
Symposium Proceedings Vol.209 (1991),

K. Katayama, Y. Kirino. and F. Shimura, in
"Defects in Silicon I1°. W. M. Bullis, U,
Gosele, and F. Shimura, Editors, p.89, The
Electrochemical Society, Pennington, NJ
(1991).

K. Katayama and F. Shimura, ibid.. p.97.
ASTM F121, Ann. Book ASTM Stand., p.518
(1976).

ASTM F123, Ann. Book ASTM Stand., p.245
(1984).

K. Katayama. Jpn. J. Appl. Phys. 29 (1990)
L198.

J. Partanen, T. Tuomi, and K. Katayama, J.
Electrochem. Soc. 139 (1992) 599.
F.Shimura, J. Appl. Phys. 59 (1986) 3251.
U. Gosele and T. Y. Tan, in "Aggregation
Phenomena of Point Defects in Silicon”, E.
Siltl and J. Goorissen, Editors, p.17, The
Electrochemical Society, Pennington, NJ,
(1983).

J. M. Hwang and D. K. Schroder, J. Appl.
Phys. 59 (1986) 2476.

C. D. Thurmond, J. Electrochem. Soc. 122
(1975) 1133.

2)

10)

11)

12)



